Abstract-We report the experimental results of the infrared measurements of output RF beam of the European 2-MW 170-GHz coaxial cavity gyrotron for ITER. The output beam profile is measured by the infrared thermographic technique using an infrared camera and a target material which is being irradiated by the RF output. The beam intensity was measured at several locations along the propagation direction. The data were processed for noise reduction and perspective correction and then used with the phase retrieval algorithm to yield an accurate estimate of the phase profile. The moments of the measured intensity arrays are calculated to improve the reliability of the measured infrared image data and data processing. The beam profile is also measured at specific locations in order to compare the phase calculated with the Huygens-Fresnel propagation method for fixed distance and Rayleigh-Sommerfeld diffraction integral method used for field propagation in the phase retrieval algorithm.
T HE European 170-GHz/2-MW/CW coaxial cavity gyrotron for ITER [1] , which is presently being tested in Lausanne, is a collaborative effort between the European research associations and a European industrial partner (Thales ED, Velizy, France). As a part of the experimental campaign during the first prototype operation of the gyrotron [2] , [3] , IR measurements were performed at short pulselength for the characterization of the output microwave beam profile. For this purpose, an RF box was designed as a part of the whole test facility [1] and used for the IR measurements. Since direct phase measurements are not available at such high power, one has to rely on the intensity measurements to calculate the phase associated with the RF beam which is used for the full beam analysis to couple the gyrotron RF output to the transmission lines for an efficient transfer to the ITER electron cyclotron launcher. These high-power intensity measurements are performed using an IR thermographic technique where a target material is irradiated with the RF output of the gyrotron, and the corresponding temperature elevation is recorded using an IR camera at some angle with respect to the microwave beam path. The phase profiles were then retrieved from the intensity profiles using the iteration methods explained in [4] [5] [6] [7] [8] [9] . In this paper, we emphasize the measurement accuracies during the IR measurements and post-data processing, which could affect the accuracy of the reconstructed phase calculated by the iterative phase retrieval approach (IPRA). The retrieved intensity profiles calculated by the IPRA are compared with the measured and the simulated profiles [10] . In Fig. 1 based on Kirchhoff diffraction integral. As can be seen from the power plots in the linear scale, the simulation is able to predict the behavior of the output beam. Therefore, we can make a direct comparison of the measured intensity profiles and retrieved intensity profiles with the simulated profiles. This paper, with the experimental data, provides a verification of the analysis given in [8] .
This paper is organized as follows. Section II describes the experimental setup and measurement procedure for IR measurements. Section III discusses the data processing for phase reconstruction. Section IV provides a thorough discussion on the phase reconstruction using the measured intensity profiles, followed by conclusions in Section V.
II. EXPERIMENTS

A. Experimental Setup
A microwave leak-tight RF box, of dimension 206.5 cm (length) × 180 cm (width) × 164 cm (height), was designed and used to perform the free-space microwave beam-profile measurements of the gyrotron RF output. Inside the box, a target material placed on an optical bench was irradiated with the output microwave beam, and the temperature profile (or the corresponding beam-intensity pattern) was recorded using an IR camera (focal plane array of 320 × 240 pixels) at an angle with respect to the beam propagation direction. The setup was moved jointly along the beam direction in order to record the beam pattern at several locations from the window. As shown in Fig. 2 , the DC-break (connected to the output window of the gyrotron) and its surroundings are covered with the absorbing material Eccosorb at an angle of ∼35
• in order to avoid any possibility of reflection to the target material. The IR camera is put in a magnetic shield box to avoid any perturbation of the camera electronics due to the high magnetic field of the gyrotron. A tank filled with water and a reflecting material at 45
• was used behind the target as a beam dump. The inside of the box was made with wood and covered with an absorbing cloth to minimize any possible reflections.
B. Infrared Measurement Procedure
During the beam-profile measurements, the gyrotron operates below its nominal parameters; the beam current was set to 66 A and the cathode voltage to 78 kV for a pulse duration of about 1 ms. A frequency diagnostic was also used to verify the correct excitation of the nominal gyrotron operating mode TE 34, 19 . During the measurements, we explored a number of ways to get an accurate beam-profile measurement at every location from the gyrotron window. This includes the correct choice of the target material (to avoid interference effects due to reflections), proper alignment of the target, correct positions of the measurement locations [9] , etc. To optimize the correct target material, we tested four different materials, namely, Robax, PVC, Kapton, and wood. The complex permittivity of PVC was measured at the frequency of 170 GHz using a freespace permittivity method [11] with samples of three different thicknesses 4, 6, and 8 mm, respectively. The material was then optimized for the thickness to be used at 170 GHz in order to minimize the back reflection to the gyrotron window and to maximize the absorption. Fig. 3 shows the measured transmittance as a function of the incidence angle for a sample thickness of 8 mm for PVC. The permittivity and loss tangent calculated by the measured transmittance are ε r = 3.234 and tan δ = 1.1 × 10 −2 , respectively. The permittivity of Robax at 170 GHz was found from the literature, and then, an optimized thickness was calculated for minimum reflection at this frequency. A wrong selection of the thickness can give rise to a large back reflection inside the gyrotron, which can seriously affect the whole operation of the gyrotron. The optimized thickness for PVC was 5.4 mm. For Robax, the optimized thickness was 4.1 mm; however, as it is difficult to machine, we used 4 mm (commercially available). For wood, we used 12 mm and for Kapton, 0.1 mm (commercially available foil). Robax and PVC were also checked for temperature linearity with respect to IR camera response for the operating power range (output beam power). It was found that PVC (5.4 mm thick) behaves linearly up to 65
• C, while Robax showed a higher linear temperature sustainability up to 125
• C. The operating temperature range during the measurements was 25
• C-40
• C for PVC and 25
• C-60
• C for Robax. The temperature was measured using an IR thermometer. The measurements were then performed with all four targets. The beam-intensity profile was also measured from both directions-front and back sides on the target. The alignment of the target material was checked, with respect to the window, using a laser. The measurements should be done within the Rayleigh range and as explained in [8] and [9] ; the reconstruction algorithm will result in an accurate phase profile if the measurements are performed as close as possible to the beam-waist location (also explained in Section IV-B). We therefore tried to measure the beam profile as close as possible (at 441 mm) to the gyrotron window. In both configurations (front-and back-side measurements), the IR camera was placed at an angle of 35
• with respect to the beam propagation direction. The recorded images were then corrected for perspective.
For the measurements close to the window, strong interference effects were observed. These interference effects are due to the reflections between the target material/window and its support and the Fabry-Parot effects inside the target material itself. Fig. 4 shows an interference pattern at the window and its support. The image is recorded in the x−z plane at an angle with respect to the propagation axis z. To minimize the reflections due to window support, we placed an absorbing material covering the window surroundings at an angle of ∼35
• close to the window, as shown in Fig. 2 .
III. INFRARED IMAGE DATA PROCESSING FOR PHASE RECONSTRUCTION
A. IR Image Data Denoising
To model phase retrieval realistically, one must consider the effect of noise inherent in making the IR measurements of microwave beam intensity. Due to this inherent noise, raw data, in themselves, are not appropriate for phase reconstruction. Practically speaking, it is observed that IR images are mainly degraded by fixed-pattern noise (FPN) due to pixel reading procedure, presence of dead pixels in the focal-plane-array matrix of the camera, radial distortion due to noncollinear image points with respect to the optical center, etc. Some of these noise effects can be removed to a large extent, e.g., in our case, FPN is cancelled out by subtracting the uniform background image of the target taken before the microwave irradiation. A map of dead pixels is generally clear in the image when data are taken at relatively high temperatures. To correct the dead pixel matrix, pixels are replaced by the average values of the neighboring pixels. For a bigger cluster of inactive pixels, an object-oriented transform coding technique [12] is used.
During the measurements, the images are recorded in a transverse plane at some angle, with respect to the direction of propagation of the output microwave beam, and thereafter, perspective correction is made for each measured plane by geometrical transformation or by prior knowledge of the angles between different measuring objects. After the perspective correction, data are corrected for the FPN and the inactive pixel matrix, as mentioned earlier. Further, the image pattern enhancement, i.e., improving signal-to-noise ratio is performed by using an image denoising algorithm before the data can be used efficiently for the phase reconstruction algorithm. This is done in the following way. Since measurements are done on a target material with a larger size compared with the beam size, therefore, to a reasonable approximation, one can assume that the field at the boundary is close to zero and that the values of the field at the boundary corresponds to the level of noise in the image (after FPN correction). This can be a reliable approximation since it is difficult, in this case, to properly model the noise and its parameters.
Considering the amount of noise by its standard deviation, we applied some existing image denoising algorithms to improve the quality of images. These are the following: 1) image denoising by total variance minimization [13] , [14] ; 2) denoising by a nonlocal means algorithm [15] ; 3) filtering in Fourier space using a Fermi-Dirac function [16] ; 4) moving average filter (boxcar filter).
The details for each one can be found in the references cited. Since image denoising is a smoothing process, it affects the position of the beam's center of gravity and size, depending on different smoothing techniques. Therefore, one should choose the appropriate filtering method depending on the image data and the amount of noise in it. In our case, we applied the method of filtering in Fourier space using a Fermi-Dirac function.
We also compared the beam-intensity profiles measured from the front and back sides of the target material, and all the intensity profiles were then aligned so that they could be efficiently used in the phase retrieval algorithm. It is also worth mentioning here that we assumed that the gyrotron behaves identically during every shot for the measurements at different positions and delivers the same amount of power at the same operating parameters. Therefore, we use the same filtering techniques and similar statistics of noise at every plane location during IR data processing. Different powers delivered by the gyrotron during different shots could lead to inconsistency in beam pattern measurement and, therefore, the filtering of the recorded IR images. With a Robax target, the IR camera was able to record the IR images of the output beam intensity down to ∼ −25 dB and after appropriate filtering (small gain, in decibels); the IR image data could be analyzed down to ∼ −30 dB.
B. Measurements Done From Front and Back Sides With Different Target Materials
We checked the accuracy of the beam-intensity profiles by comparing the beam size when the measurements were done from both the front and back sides of the target. The effective beamwidth along the transverse direction x is calculated as where x is the center of the power density coordinate and is given by the moment method as
and I(x, y) represents the intensity of the beam. A similar expression holds for the y-direction. The geometry for x and y is shown in Figs. 2 and 4 . The comparison is made in Table I for the Robax target of 4-mm thickness and for PVC of 5.4-mm thickness for two positions. The intensity is measured from both directions for the two targets at the positions of 1122 and 1282 mm from the gyrotron window at the same operating conditions and geometric configurations. The beam centroid for the two materials is also compared simultaneously. The small difference in the beam centroid for PVC and Robax can be due to the slight misalignment during the change of the target material when performing the measurements. The thermal diffusion coefficient of PVC is larger than Robax along the thickness, and one should see more difference in W x,y in the case of Robax than of the PVC; however, it is found that PVC demonstrates the larger difference in the effective beam waist when measured from the front and back sides. The reason can be due to the fact that Robax is transparent to IR radiation and the camera receives a superposed thermal radiation from along the whole thickness of the material. Therefore, with PVC, one should do the measurements from the front side in order to be more accurate in terms of the beam size or one should use the Robax material which gives almost the same beam size from both directions.
C. Alignment
For experimentally measured intensity patterns, one should strictly align the field amplitude profiles with an accuracy of a wavelength in order to avoid errors in the phase retrieval method. For this purpose, the expression for field propagation must be corrected for the shift in the beam center of gravity at each plane location for experimentally measured profiles. For an arbitrary-shaped beam propagating in a uniform media, the beam center-of-gravity coordinates vary linearly with z [5]; therefore, the centroid of beam intensity at every measured location is calculated using (2), and then, the beam profiles were aligned using the Fourier shift theorem (i.e., Fourier sinc interpolation via simple phase adjustments in the frequency domain) in order to compensate for the misalignment during the measurements. The beam patterns were aligned using the values calculated by the linear fit values of the centroid shown in Fig. 5(a) . The aligned beam profiles were than used in the IPRA for the phase reconstruction. To implement the shift in the beam center of gravity in the IPRA, the correction term due to x and y can also be introduced in the plane wave propagation equation [8] , [17] , using the Fourier shift theorem, as
where u i (x, y) and u j (x, y) are the field in the input plane at z i and the output plane z j and F and F −1 represent the Fourier transform and its inverse, respectively. The plots of the beam center x and y and the effective beamwidth for the measured positions of the IR images are shown in Fig. 5 . The beamwidths calculated from the theoretical field profiles are also plotted with the measured ones. Fig. 5 shows that the beam is propagating at an angle with respect to the optical axis (defined to be perpendicular to the window). The tilts calculated by x and y are 0.79
• and 0.28 • in the x-and y-directions, respectively. During the measurements, the target plane was aligned with respect to the output window plane, and the beam centers are calculated by the measured profiles defining the reference position (0, 0) at the window axis. It can be concluded from the beam center of gravity that the beam is offset at the window position and approaching the geometrical axis of the gyrotron window.
IV. PHASE RETRIEVAL ANALYSIS
The aforementioned measurement procedure and the necessary preprocessing of the IR data enables us to discuss various parameters associated with the IPRA and their effects on the reconstructed intensity and phase profiles. The phase profiles were retrieved from the measured intensity profiles using the IPRA, which has been discussed in detail in [8] in terms of field propagation schemes and sampling effects and other parameters which affect the convergence of the algorithm and influence the retrieved phase.
A. Effect of Different Propagation Schemes, Number of Sampling Points, and Grid Step Size
Here, we compare two methods of field propagation when used in the IPRA, namely, the Rayleigh-Sommerfeld diffraction integral (RSDI) and the Huygens-Fresnel propagation (HFP), both calculated using FFT and a convolution method.
For an accurate HFP method, measurements were made at specific locations, which satisfy the condition of propagation explained in [8] and [9] , as
The aliasing effects included by the discretization can be avoided in the case of HFP if one follows this condition. Here, Δx is the grid step size on a square plane; M is the number of sampling points, and λ is the wavelength. Since the IR camera records the image on a rectangular aperture size 320 × 240, one needs to correct the condition of propagation for a rectangular plane size; therefore, in order to make z i→j;x = z i→j;y , one should have
where L x and L y are the dimensions of the measurement plane and M and N represent the number of sampling points in the x-and y-directions, respectively. The recorded data after preprocessing were interpolated to different grid sizes, based on (5). Fig. 6 shows the reconstructed field intensity and phase profiles calculated using RSDI and HFP as the propagation method in the IPRA. The isomagnitude contours of the intensities are plotted at every −3-dB increment from the peak intensity, and the phase is wrapped in a 2π modulo and shown in radians. The reconstruction is analyzed using different plane and grid step sizes. The IPRA is performed using three planes at z = 464/564/664 mm from the output window of the gyrotron, keeping a constant separation of 100 mm between the three planes. The reconstructed intensity profiles are compared with the measured intensity profiles at the third plane at z = 664 mm. Fig. 6 (a)-(c) shows the reconstructed intensity and phase profiles at 664 mm for three different cases of the plane and grid step sizes [based on (5) ] in the case of HFP. Fig. 6(d) shows a comparison of the two propagation schemes, namely, the RSDI and the HFP.
1) In Fig. 6(a) , the plane size is 300 mm × 225 mm, and the field is interpolated to 512 × 288 sampling points, using a mesh spacing of Δx = Δy and M > N in order to satisfy (5). The field is propagated to the next consecutive planes in the forward direction as 1 → 2 → 3 and in the backward direction as 3 → 2 → 1. 2) Fig. 6(b) shows the reconstructed intensity/phase profile in case of violating the condition of propagation in both directions. In this case, the same number of sampling points 320 × 240 (as recorded by the IR camera) are used on a plane size, similar to the previous case thus using a square grid step size Δx = Δy and M > N on a rectangular plane. Therefore, in this case, we are following the condition of propagation in both directions, and hence, the effects of replication and modulation are shown in the intensity and phase profiles in Fig. 6(b) . The field was propagated in the following way: forward 1 → 2 → 3 and backward 3 → 1. 3) In Fig. 6(c) , the field is interpolated to a square grid for M = N = 512 and a plane size of 300 mm × 300 mm, and thus, using a square grid step size in both x-and y-directions, Δx = Δy. The field is propagated as follows: forward 1 → 2 → 3 and backward 3 → 1.
During the backward propagation of the field to the first plane, it is interpolated to a new grid at every iteration in order to follow the condition of propagation. This is explained in [8] . 4) In Fig. 6(d) , the intensity and phase profiles were retrieved using RSDI as the propagation method in the IPRA. We used the same number of sampling points, as recorded by the camera, and the same plane size of 300 mm × 225 mm; therefore, no interpolation to a new grid is done. The field is propagated for 1 → 2 → 3 in the forward direction and 3 → 1 in the backward direction.
As can be clearly seen from the comparison, the RSDI as a propagation scheme in the IPRA also yields more accurate results than the previous cases shown in Fig. 6(a) and (b) . From the results shown in Fig. 6(d) , one can verify that we are in the regions where the effects of the higher order aberration terms in the discretization analysis of RSDI [8] are not significant. The HFP method also produces an equally good result if the condition of propagation is followed properly (5) and the grid step size is square. The reconstructed intensity profiles in Fig. 6(c) and (d) show a very good visual agreement with the measured intensity profile shown in Fig. 7 . Fig. 7 also shows the theoretical intensity and phase profiles, along with the measured intensity profile at 664 mm, from the output window in order to compare with the reconstructed field profiles Figures are shown to compare the measured field intensity and reconstructed field intensity and phase (shown in Fig. 6 ) with theoretical field intensity and phase.
of Fig. 6 . The comparison is done on the scale down to −42 dB because the theoretical intensity has a dynamics up to ∼ −42 dB and the measured intensity (after filtering) has a dynamics level of −30 dB approximately. A comparison between the measured and the theoretical field patterns can be explained in the form of a correlation function defined as
Here, u r (i, j) is assigned the modulus of the normalized reconstructed field amplitude, and u m (i, j) is the modulus of the normalized measured field amplitude. The cross correlation function (CCF) is normalized such that 0 ≤ CCF ≤ 1. An excellent correlation is found between the measured and theoretical profiles, apart from visual comparison shown in Fig. 7 . The calculated CCF for the two intensities is 90.62%. A more detailed comparison between the last two cases of Fig. 6 (c) and (d) is shown in Fig. 8 , where the 2-D plots of reconstructed intensity and unwrapped phase are plotted, along with the measured intensity and theoretical intensity/phase. The intensity and phase profiles are shown at the beam center-ofgravity lines corresponding to x = const. and y = const. The intensity profiles are shown on a logarithmic scale down to ∼ −40 dB, and the phase is shown in radians. Both methods of propagation, the RSDI and HFP (following the condition of propagation and a square sampling interval), produce the reconstructed intensity profiles in excellent agreement with the measured intensity down to a level of ∼ −33 dB below the central peak. One of the reasons for the small departure of the measured intensity from the theoretical intensity in terms of the broadening around the central peak can be understood due to the filtering. Moreover, the phase curvatures calculated by the two methods are in a good agreement with each other and with the theoretical phase profile (to mention, a constant value can always be added to the phase value to match the three phase profiles shown in Fig. 8 ). The phase profiles retrieved from the two methods are consistent. It is worth mentioning here that an accurate phase can be retrieved from the measured intensity profiles with either of the two methods of RSDI/HFP if the field intensity is almost zero (∼60 dB) at the boundary of the plane. This could be achieved if the measurements of the intensity profiles are performed on a larger plane size with respect to the effective beam dimension and the IR camera is placed at a position such that it could capture the image of the entire measurement plane. This is also important from the point of view of the filtering of the recorded IR images because the filtering does not differentiate between the noise and small details of the image and removes them. Therefore, the field in the outskirts of the main lobe, i.e., down to ∼30 dB or more, is removed in the filtering, as shown in Figs. 1(a) and (b) and 7(a) and (b), where the measured intensity profile is in excellent agreement with the theoretical intensity profile up to ∼ −27 dB. The goodness of the reconstructed results is analyzed by studying the convergence of the reconstruction process during the IPRA. The convergence criteria of the aforementioned reconstruction cases are shown in Figs. 9 and 10. Fig. 9 shows the reconstruction efficiency calculated in the form of the CCF defined by (6) . For the RSDI and HFP with a square grid [ Fig. 6(c) ], the reconstruction efficiency reaches a value of ∼99.4% for plane 1 at 464 mm and 99.1% for the plane at 664 mm and saturates to almost a constant value, while in the other two cases, the CCF is fluctuating and does not saturate. This can be verified by calculating the derivative of the error function during each iteration, which is shown in Fig. 10 . The error function is defined by summing the squared difference of the calculated modulus of the theoretical E theory (i, j) and reconstructed E rec (i, j) fields at every point of the transverse plane as
The iteration process is stopped after 5000 steps for the case of where we used the RSDI method for field propagation in the IPRA. This difference is due to the fact that the RSDI was calculated using a zero padding technique; therefore, the number of sampling points was large when compared with HFP. The CCF shows an almost periodic behavior for the first two cases while, on the other hand, it converges to an almost constant value for the last two cases after a sharp increase in the reconstruction efficiency of around 775 for the HFP and around 1200 for the RSDI case. The convergence is faster and more accurate in the case of HFP; moreover, the efficiency of reconstruction reaches a higher value than that of the RSDI. The reconstructed fields were also checked by propagating them to 764 mm (from the gyrotron output window), where the propagated intensity and phase were compared with the Fig. 10 . Error function derivative calculated by (7) during the IPRA corresponding to the reconstruction efficiencies shown in Fig. 9. (a), (b) , and (c) correspond to the different cases of HFP, while (d) is for the RSDI method. measured intensity and theoretical intensity and phase profiles. This is shown in Fig. 11 , where we showed the propagated intensity and measured intensity profiles at 764 mm. The two intensity patterns match with each other down to a level of ∼ −27 dB.
B. Effect of Scan Separation, Number of Sampling Points, and Plane Size
Based on the reconstructed results of the previous section where we concluded that the RSDI and HFP, with a fixed distance of propagation given by (4) and (5), produce accurate results, we therefore compare, using HFP in the IPRA, the reconstructed phase and intensity for two different cases of plane separation and number of sampling points. Fig. 12 shows the reconstructed intensity/phase and measured intensity using three planes at 464/564/664 mm (plane size of 300 mm × 225 mm) and 464/764/1122 mm (plane size of 300 × 300 mm 2 ) from the gyrotron window, respectively, in the IPRA. The reconstructed fields are compared at a common plane at 464 mm. Intensities of the different cases are shown on a logarithmic scale, and the phase is shown in radians. It can be seen clearly that the reconstructed intensity calculated with the smaller scan separation agrees with the measured intensity better than the larger scan separation. Moreover, the phase curvatures are different for the two scenarios. In the case of 464/764/1122 mm, the field at the first plane is down interpolated to M = 170 from 320 × 240, on a square plane of size 300 mm × 300 mm, to M = 143 at plane 2 and to M = 78 at the third plane during each iteration in order to follow the condition of propagation, i.e., (4) . The field was propagated as 1 → 2 → 3 in the forward direction and 3 → 1 in the backward direction. Since the measurement plane has the same size at every location and the field expands along the direction of propagation, we do not satisfy the constraint of field amplitude, which is zero at the boundary on the farther planes. Therefore, the field amplitude at the boundary is close to zero at the first plane while it is not at the second and third planes; hence, energy conservation is not followed during the iteration process. In addition, a large change in the number of sampling points at different planes leads to numerical errors, which is shown in Fig. 13 where we observe a random behavior in the CCF, and the difference between the minimum and the maximum value is 0.15. Fig. 13 is shown for the second case, i.e., larger scan separation where the planes are located at 464/764/1122 mm. A larger scan separation restricts one to use less sampling points for a fixed plane size. This can be easily analyzed by (4) . This restriction (having lesser sampling points) leads to a less accurate result and to the erroneous convergence of the algorithm. This is also explained in [8] in detail, where (4) is plotted for different numbers of sampling points. Furthermore, since the error function derivative should reach the saturation level monotonically and should be terminated at its global minimum, a predetermined value of error termination can end the iteration process at some wrong value. This is shown in Fig. 13 if one terminates the algorithm at a lower value which has been fixed earlier.
V. CONCLUSION
A detailed approach of IR measurements of the gyrotron output microwave beam and their data processing was studied and presented. In addition, the reconstruction process was analyzed with two propagation schemes in terms of sampling problems and other parameters. It has been observed that Robax can sustain higher temperatures and can therefore give intensity profiles with a larger dynamic range. Moreover, the difference in the effective beam waist is less in the case of Robax than PVC if measured from the front or back side. On the other hand, Robax is transparent to IR radiation. Interference effects, due to different reflections between the window (and its support) and target material, and Fabry-Parot effects inside the target material should be avoided. Accurate phase reconstruction requires an almost zero (∼60 dB) field amplitude at the boundary; therefore, it is better to go closer to the beam-waist position (also reveals more details if one goes closer to the beam waist as in the obvious in case of the 170-GHz/2-MW gyrotron output beam) as it will require a smaller target plane size. In addition, the relative phase evolution of modes in a higher order mode mixed field is more significant in the regions closer to the beamwaist location.
A tradeoff between the two methods of field propagation, the RSDI, and the HFP is needed. The RSDI method for field propagation is more convenient as it can be used for any number of sampling points and grid step size, and it is not restricted by the condition of propagation. Moreover, it does not require field interpolation to a different grid at every iteration. However, it is more computationally demanding. HFP requires field pattern measurements at specific locations, or an interpolation of field to a different grid size is necessary to satisfy the condition of propagation in order to avoid the aliasing effects.
Further modifications can be made to the IPRA by introducing a correction term in the iteration process by using the correlation between phase gradients and intensity of the field or by using an unwrapping technique to unwrap and smooth the phase at every iteration. These topics could be the subjects of future research.
